Hardness measurements and electron microscopic observations were made to study factors affecting the aging of Mg-Zn alloy and Mg-Zn-(Ag) alloys. In regard to the homogeneous and heterogeneous nucleation in these alloys, direct aging, twostep aging and strain aging were carried out, with the results summarized as follows:
Introduction
Since the study by Meissner in 1927(1) , only a few reports have dealt with the aging of Mg-Zn alloy. The aging sequence of this system was fairly elucidated by Clark(2), Murakami(3) and the present authors (4) . Nowadays, the most commonly used aging sequences are as follows: in the higher region of aging temperature, liminary stages.
As regards the confirmation of the G. P.
zones by means of X-ray analysis and electron microscopy, however, varied information has been proposed
In magnesium alloys, some problems related to the factors determining the aging rate were hardly examined.
It is necessary to interpret these problems from the standpoint of the homogeneous and heterogeneous nucleation.
The magnesium-zinc alloys are substitutional like many age-hardening aluminum alloys (6) , the crystal lattice of magnesium and zinc is close-packed as that of aluminum, and the self-diffusion in the crystal lattice of magnesium is explained by the vacancy mechanism (7) (8) .
Therefore the aging sequences in this alloy should be discussed in connection with the concentration of vacancies, the kind of dislocations and various kinds of boundaries.
This paper deals with the effects of the lattice defects such as vacancies and dislocations on the aging sequences, the action of vacancies and the third element in the earlier stage of aging, and the relationship between the two-step aging and the preliminary stage of precipitation. The decomposition process of the supersaturated solid solution is also discussed on the basis of the experimental results obtained in the same kinematical way as described in the previous paper(4). The change in quenching rate, the small addition of a third element and the working prior to aging will help explain the decomposition process.
II. Experimental Procedure
For the preparation of specimens, magnesium of 99.98 wt % purity and zinc of 99.99 wt % purity were melted in a crucible under flux and cast into an iron mold. Chemical compositions of the alloys are shown in Table 1 . The ingots were homogenized in an argon ingots were hot-forged or cold-rolled and cut to 1.5mm in thickness for hardness measurements and rolled down to about 0.2mm in thickness for electron microscopic observations. and then quenched into iced water. These were also Table 1 Chemical compositions of specimens (wt%) carried out in the isothermal baths and terminated by water cooling. Aged specimens were chemically polished by using a solution of 33% nitric acid and 67% alcohol. Hardness measurements were made immediately after chemical polishing with a micro-vickers hardness tester (load: 300g). Each value of hardness is the average of ten measurements. Specimens for the strain aging were solution-treated, quenched and then cold-rolled prior to the aging. The thin foil specimens were prepared by controlled chemical polishing and electro-polishing using a solution of 60% methyl alcohol, 30% glycerin and 10% nitric acid. The condition of electro-polishing was as follows:
-carried out under the JEM-7 type electron microscope of Japan Electron Optics Laboratory operated at 100kV.
III. Experimental Results

Hardness
(1) Direct aging There are some incubation periods before the onset of age-hardening in four alloys. When the incubation value is plotted against the reciprocal of the absolute temperature in the same manner as in the previous paper(4), a series of the C-curve is obtained as shown in Fig. 1 . In the C-curves, it is shown that the temperature of the intersecting point between the two branches is sensitively affected by the concentrations of zinc and silver. The addition of 0.04% silver gives a favorable condition for the aging rate. The silver addiconsequently ascending the nose temperature.
The effect of quenching rate on the aging rate is shown in Fig. 2, found that the quenching rate affects the low temperature aging rather than the high temperature aging, and that the effect of quenching rate on the aging in the Fig. 1 Relation between the aging temperature and the incubation value of Mg-Zn alloys. range is large in the silver bearing alloy than in the binary alloy. Figure 3 shows the effect rate for the alloy Z 50. The aging rate is accelerated by increasing deformation, and the peak hardness becomes higher than that of the: undeformed specimens with increasing deformation. Over the reduction of recovery of the cold-working structure occurs before the onset of hardening. All deformed specimens represent the softening or the over-aging as the age-hardening reaches a maximum, and this tendency becomes conspicuous with increasing amount of deformation.
(2) Two-step aging Some example of the two-step aging for the alloys Z40 and Z50 are shown in Fig. 4 . It is found that the aging condition. To summarize these effects, we propose that the pre-aging condition are fit for the peak or the shoulder in the age-hardening curves. In brief, these conditions correspond to the middle of the C-curves in zones is presumed, makes the aging rate or even the peak hardness lower in some cases.
Transmission electron microscopy
Photo. 1 shows the precipitates within the grain and along the grain boundary in the Mg-Zn alloy. A microstructure of the specimen which was quenched from tates are observed along the grain boundary as shown in Photo. 1 (b). In the stage of (a) or (b), the mottled structure is observed by changing the diffraction conditions. Both the oriented, long and thin rods of the MgZn phase along the grain boundary are observed in Photo. 1 (c). Photo. 1 (d) represents the precipitates Fig. 5 Effects of the two-step aging on the maximum hardness time and the change in the maximum hardness for peak A.
Photo. 1 Electron micrographs of quenched or aged Z40, grown into a rod shape, the equilibrium phase indicated by the arrow in the grain and the grown precipitates along the grain boundary. Although the grain boundary precipitation is present, the denuded zone along the grain boundary is not clearly observed. Photo. 2 shows the electron micrographs for the alloy Z50 which is deformed before aging. Each specimen is deformed few per cent and aged until the peak hardness is shown. In Photo. 2 (a) the preferred precipitation on the dislocation lines is observed. The precipitates of the transition phase or the equilibrium phase within the grain and along the fine structures such as twins, sub- In the silver bearing alloy (see Photo. 3 (c)) a more refinement in the length of precipitates is observed. It is evident that the precipitates of the transition phase are decreased in size and increased in number as the result of the two-step aging.
IV. Discussion
In general, there are two important questions as to the aging sequence. They are the nucleation and the growth. In this paper, as stated in the introduction, the nucleation in this alloy system is mainly discussed. Although many proposals have been advanced on Becker's nucleation theoryO), some important problems, e.g. the critical size and existence of the nuclei, have been left unsolved by the theory. At the present stage, however, attention will be concentrated on the classical nucleation theory because of extending it to the homogeneous and heterogeneous nucleation.
Homogeneous Nucleation: According to Becker, the initial rate of nucleation may be governed by the two factors, the mobility of solute atoms and the number of favorable nuclei for the (9) R. Becker: Proc. Phys. Soc., 52 (1940), 71.
growth.
Since the incubation period is considered to be inversely proportional to the rate of nucleation, the relationship between the logarithm of incubation time and reciprocal temperature exhibits the C-curves as shown in Fig. 1 . The C-curves in Fig. 1 It is shown that the aging sequence in the magnesiumzinc system is controlled by the aging temperature, the concentration of vacancies and the small addition of the third element when the concentration of zinc is constant. Especially, it is considered that the quenched-in vacancies and the smaaaaaaaaaaaaaaall amount of silver are apt to affect the low-temperature aging and the initial aging. In the previous report, the effect of the quenching rate on the aging and the action of the third element have been discussed(10). The following description is quoted from the previous discussion. In the higher temperature range, the vacancy and the silver atom play the following roles; the effective vacancy source from the clusters of vacancies and solute atoms and/or the transient nuclei accelerated.
In the lower temperature range, the possible action of vacancies and silver atoms may be divided into the following two cases. When the specimens are quenched in iced water, it is considered that the vacancy silver clusters are easily formed in comparison with another clusters and are then coagulated.
The aging rate of the silver bearing alloy in the lower temperature range is accelerated in consequence. This is similar to the effect of silver atom on the aging in the Al-Zn alloy(11). C-curve and Two-step Aging:
First, let us consider the intersecting temperature in the C-curve. In this alloy system the concentration of zinc does not largely affect this temperature, but the According to Hardy(13) and Polmear et al. (14) it has been reported that this intersecting temperature rests on the basis of the stability of the formation phases in the low temperature region. The intersecting temperature is essentially defined by the kinematical method and not identified with the stability of the G.P.zones which should be treated by the thermodynamic method(15). Therefore, the C-curve has a practical meaning as a measure of the nucleation rate rather than as the determination of the solubility temperature of the stability of the nuclei. For the nose in the C-curve, it is expected that the nucleation rate is maximum, and that the number of effective nuclei is proportionally large(15). When this interpretation is extended to the two-step aging, it is understood that the pre-aging condition for the two-step aging are chosen from the peak or the shoulder part of each aging curve (corresponding to the middle of the Ccurve shown in Fig. 1 ), and `that the favorable conditions for the pre-aging are closely connected with the position of the nose in the C-curve. In this alloy, it was found that the optimum condition for the pre-aging is in G. P. zones. This may be explained by the following reasons.
When the G.P. zones are formed and moved large shape, and the others resolve in the matrix, and the nucleation of the transition phase takes place without size and number for the precipitation of the transition phase. Consequently, the pre-aging in this region cannot bring the large age-hardening in some cases. On the other hand, when the pre-aging is carried out in the becomes large. Namely, it is found that the optimum condition for the pre-aging corresponds to the neighborhood of the nose in the C-curves. According to an two-step aging come from the thermal stability of both products.
In the silver bearing alloys, the G.P.zones binary alloy, and the aging mechanism seems not to undergo any changes.
Heterogeneous Nucleation
In general, the surface energy and the elastic strain energy are decreased by the preferential precipitation on the defects. According to the classical nucleation theory, the free energy for the nucleation is decreased by the heterogeneous nucleation.
In this alloy system, the following sites for the preferential precipitation are considered: the vacancy cluster, the dislocation, the subboundary, the twin boundary and the grain boundary.
As the preferred sites the vacancy cluster may effectively act in the high temperature range rather than in the low temperature range.
In case of the high temperature aging, it is considered that the vacancy cluster acts as the vacancy source for the nucleation of the transition phase and the stable nuclei containing the solute atom. But it is difficult to discuss these actions in detail. and also the refinement of the matrix structure due to the deformation.
V. Conclusion
In regard to the homogeneous and the heterogeneous nucleation, the main factors affecting the aging rate of Mg-Zn alloys are discussed, and the following conclusions are obtained:
(1) The aging sequences are divided into three cases by the intersecting temperature in the C-curve diagramThe nucleation rate below the intersecting temperature depends on the qu3nching rate, the concentration of zinc and the small amount of silver (0.04wt%).
(2) In the C-curve, the neighborhood of the nose gives an optimum condition for the pre-aging. As regards the direct aging and the two-step aging, the silver atoms accelerated by the cold working prior to the aging. Electron microscopic observations show that these phases preferentially precipitate on the dislocations and the fine structure such as the twin, the sub-structure and so on.
(4) The age-hardening due to the two-step and the strain aging, is about twice that of the quenching state.
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